The mechanisms responsible for long-term, massive reorganization of representational maps in primate somatosensory cortex after deafferentation are poorly understood. Sprouting of cortical axons cannot account for the extent of reorganization, and withdrawal of axons of deafferented brainstem and thalamic neurons, permitting expression of previously silent synapses, has not been directly demonstrated. This study is focused on the second of these. In monkeys, deafferented for two years by section of the cuneate fasciculus at the C1 level, there was extensive withdrawal of axon terminals from thalamus and cortex, detectable a decade before visible atrophy of their parent neuronal somata in the cuneate nucleus or thalamus. Slow, inexorable progression of lemniscal and thalamocortical axonal withdrawal is a neurodegenerative phenomenon likely to be a powerful inducement to compensatory long-term plasticity, a mechanism that can explain the long-term evolution of cortical reorganization and, with it, phantom sensations in spinal patients and amputees.
Introduction
The primate somatosensory cortex is remarkable for its capacity to reorganize in the face of perturbations of peripheral input. Adaptations can be positive, such as enlargement of a representation of digits engaged in repetitive actions (Recanzone et al., 1992; Pantev et al., 2001) , or negative, such as central pain after amputation of a limb or peripheral nerve injury (Flor et al., 1995; Moore et al., 2000) . The most evident cortical response to deafferentation is expansion of representations of body parts with intact peripheral innervation at the expense of those deprived of sensory input (Kaas and Florence, 2001 ).
Short-term plasticity of somatosensory cortical and subcortical neurons after limited denervation depends on uncovering of silent synapses, release of GABA-mediated inhibition and modulation of synaptic efficacy (Wall, 1977; Buonomano and Merzenich, 1998; Calford, 2002; Cowan et al., 2003) . Mechanisms underlying long-term plasticity, especially the massive expansion of a representation with intact innervation occurring after extensive deafferentation of an adjoining body part (Pons et al., 1991; Jones and Pons, 1998) , are less well understood.
Hypotheses about the basis for massive long-term expansions of cortical maps depend either on sprouting of axons of non-deafferented central neurons and formation of synapses on deafferented neurons (Kaas et al., 2007) , or on withdrawal of overlapping inputs from intact neurons to reveal hitherto silent inputs from body parts with intact innervation (Jones, 2000) . The demonstrated extent of axon sprouting cannot account for the slow evolution of long-term plasticity and cannot explain the wide extent of cortical reorganization (Jones, 2000) . The withdrawal hypothesis depends on the fact that overlap in the thalamic input to cortex is more extensive than representations revealed by extracellular microelectrode mapping (Jones, 2000) . As a consequence of extensive divergence of ascending axons at all levels of the somatosensory system (Jones et al., 1997; Rausell et al., 1998) , subthreshold input from a single digit normally extends over many millimeters of cortex, and Ͼ30% of the thalamic representation of the hand can be destroyed before the cortical representation of a digit begins to shrink (Jones et al., 1997) .
The withdrawal hypothesis, although not experimentally verified, was supported by the fact that neurons along the path from periphery through brainstem and thalamus to somatosensory cortex do not remain static in the face of extensive loss of peripheral input by nerve or spinal lesions. They undergo a slow, progressive atrophy that spreads transneuronally across peripheral synapses in the dorsal column nuclei and across lemniscal synapses in the thalamus, manifested by shrinkage and eventually death of the relay neurons (Woods et al., 2000) . The extent to which this transneuronal atrophy of deafferented neurons in the dorsal column nuclei and thalamus is accompanied by withdrawal of their axons from thalamus and cortex, respectively, and especially how soon it commences after deafferentation, was unknown. The present study shows that axonal withdrawal from these higher centers occurs long before the appearance of detectable atrophy in the deafferented parent neurons. This is likely to represent an important impetus to compensatory adjustments of representational maps in the cortex.
Materials and Methods
This study was conducted on Macaca mulatta monkeys in accordance with the United States Public Health Service Policy on Humane Care and Use of Laboratory Animals, the National Institutes of Health's Guide for the Care and Use of Laboratory Animals, and with approval of the Institutional Animal Care and Use Committee.
Cuneate lesion. Ten animals underwent interruption of the left cuneate fasciculus at the C1 level of the spinal cord. They were sedated with ketamine (15 mg/kg, i.m.), intubated, and anesthesia was maintained with 2% isoflurane throughout the duration of the surgery. The head was held in a stereotaxic apparatus (David Kopf Instruments) in a flexed position; the lower medulla was exposed via the foramen magnum and the dura mater was incised to allow a clear view of the dorsal columns. A small incision was made on the pial surface of the cuneate fasciculus to allow insertion of microforceps used to squeeze the cuneate fasciculus for 5 min, to ensure interruption of all its axons. The dura was replaced, the muscles and skin sutured in layers, and the animals were allowed to survive two years before tracer was injected.
Tracer injection. For tracer injections in the dorsal column nuclei, the lower medulla was exposed following the same procedure used to lesion the cuneate fasciculus. Evoked multiunit responses to mechanical stimulation of the skin were recorded to determine the location and depth of the gracile and cuneate nuclei, and fiduciary marks were noted to guide the successive injections of tracer. A solution of 10% biotinylated dextran-amine (BDA) 10,000 kDa (Invitrogen) in 0.1 M phosphate buffer was injected in the gracile and cuneate nuclei with a 10 l micrometric syringe (Hamilton) through multiple penetrations. At each site, 1-3 l of BDA solution were slowly delivered at multiple depths, the needle being left in place for 3 min before retracting it to a more superficial position. After the last ejection, the needle was left in place for 5 min before extraction. For tracer injections in the thalamus, a burr hole was made in the occipital bone, the dura incised, and an electrode was driven horizontally into the thalamus guided by stereotaxic coordinates. Multiunit responses to somatosensory stimuli were recorded. The electrode was advanced in 100 m increments to cover the ventral posterior (VP) nucleus on the side contralateral to the cuneate fasciculus lesion throughout its anteroposterior extent. An array of electrode penetrations ensured coverage of the dorsoventral and mediolateral extent of VP. The stereotaxic coordinates obtained from the electrophysiological recordings were used to target BDA injections to VP. The tracer was delivered in multiple penetrations using a technique similar to that used for cuneate and gracile nucleus injections, with multiple deliveries along a single penetration.
After the tracer was injected, the opening in the occipital bone was covered with gelfilm, the muscles and skin sutured, and the animal allowed to recover.
The hand/face border in area 3b of the primary somatosensory cortex (SI) contralateral to the cuneate lesion was identified electrophysiologically as for the thalamus, with the difference that electrode penetrations were visually guided in the depth of the posterior bank of the central sulcus.
After 3 weeks, the animals were deeply anesthetized with Nembutal and perfused through the ascending aorta with normal saline, followed by 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4.
Histology. The brains were blocked, the blocks postfixed overnight, infiltrated with 30% sucrose in 0.1 M phosphate buffer for cryoprotec- Figure 1 . Dorsal column lesion and tract tracing. A, The lemniscal and trigeminal pathways convey topographically organized somatosensory information (color coded as in inset) from large-diameter primary sensory axons on the left side of the body to the right thalamus (VP) and cortex (SI). Lesion of the left cuneate fasciculus at the C1 level of the spinal cord (SC) (shaded arrowhead) caused Wallerian degeneration of primary sensory axons above the lesion (dotted line). Dashed lines show the component of the pathway deafferented by the lesion. Arrows point to dorsal column nuclei and VP sites where BDA was injected. b, Plane of cut of the section shown in B; asterisks denote normal cuneate fasciculus. B, Transverse section from SC immunostained for parvalbumin, showing loss of axons in the left cuneate fasciculus, compared with the right (asterisk). C, Anterogradely labeled axon terminals in VP at high magnification. Only the portion in sharp focus is traced at any given time. D, Line rendering of Neurolucida tracing of the same axon through the thickness of the section. Red circles mark synaptic boutons (varicosities). Line and marker sizes were continuously updated to match the size of axons and varicosities. E, Cluster of three axons terminating in VP, reconstructed from multiple consecutive sections. BS, Brainstem; CS, central sulcus; Cu, cuneate nucleus; DC, dorsal columns; Gr, gracile nucleus; I, incomplete ending; IPS, intraparietal sulcus; LF, longitudinal fissure; LS, lateral sulcus; ml, medial lemniscus; N, normal ending; prV, principal trigeminal nucleus; py, pyramidal decussation; spV, spinal trigeminal nucleus.
tion, and subsequently frozen in dry ice. Blocks of the thalamus were sectioned serially at 30 m in the frontal Horsley-Clarke plane on a sliding microtome. Blocks of the cortex were sectioned in a quasi-horizontal plane orthogonal to the central sulcus. Spinal cord and brainstem blocks were sectioned in the transverse plane. All the sections were collected in cold 0.1 M phosphate buffer and processed for BDA visualization.
Histochemistry. The sections were preincubated for 1 h in 0.1 M phosphate buffer containing 0.03% H 2 O 2 to reduce nonspecific peroxidase activity. After preincubation, the sections were rinsed, incubated in avidinperoxidase complex (ABC; Vector Laboratories), rinsed in phosphate buffer, incubated in phosphate buffer containing 0.02% 3,3Ј diaminobenzidine ⅐ 4HCl (DAB, Sigma), and 0.03% hydrogen peroxide. After rinsing, the sections were mounted on glass slides, dried, dehydrated in increasing concentrations of alcohol, cleared in xylene, and coverslipped with DPX mounting medium (BDH).
Immunohistochemistry. Spinal cord sections were preincubated for 1 h in blocking solution (0.1 M phosphate buffer, 0.25% Triton X-100, and 3% normal goat serum). After preincubation, the sections were incubated overnight in the same solution containing monoclonal mouse anti-parvalbumin antibody (dilution, 1:3000; Sigma). After rinsing in phosphate buffer, the sections were transferred to the biotin-conjugated secondary IgG solution (1:200 goat anti mouse (Vector Laboratories). The sections were rinsed in phosphate buffer, incubated in avidin-peroxidase complex (ABC; Vector Laboratories), rinsed in phosphate buffer, and incubated in phosphate buffer containing 0.02% DAB (Sigma) and 0.03% hydrogen peroxide. After rinsing, the sections were mounted on glass slides, dried, dehydrated in increasing concentrations of alcohol, cleared in xylene, and coverslipped with DPX mountant.
Axon reconstruction. Anterogradely labeled axons in thalamus and cortex were reconstructed with Neurolucida (MBF Bioscience) using a Zeiss Axioscope 100 microscope (Carl Zeiss) equipped with motorized stage controls for the X, Y, and Z axes and a color charge-coupled device (CCD) camera. Axon tracing were produced at high magnification through a Zeiss Apochromat 100ϫ, 1.4 numerical aperture, oilimmersion lens. Live images of the magnified specimen were displayed on a PC monitor; a joystick allowed real-time control of stage movements, including focus. Single-axon branches were drawn on the computer monitor using the mouse. Updating the focus continuously allowed the tracing of an axon and its branches through the thickness of the section. Only the portion of an axon in sharp focus was traced at any given time. The thickness of the axon profile was continuously updated using a separate mouse control. On encountering en-passant and terminal boutons, a circular marker was placed (varicosity), with a diameter corresponding to the short axis of the bouton. This allowed controlling for distortions of varicosity diameter resulting from their orientation in three-dimensional space. Section boundaries and blood vessels were drawn and used as fiduciary marks to align contiguous sections. Single axons were traced across multiple sections, until an ending was reached. If no bouton was present in close proximity (Ͻ 10 m) to the end point of a branch, the ending was defined Incomplete, otherwise it was defined Normal.
Data analysis. Axon tracings were exported into Neuroexplorer (MBF Bioscience) for quantitative analysis. To test for possible effects of transneuronal atrophy, the following variables were calculated for each axon branch: branch length (in m), average branch diameter (in m), number of varicosities per branch, average varicosity diameter (in m), varicosity density (number of varicosities per m), median distance between varicosities (MDBV; in m), a measure of bouton clustering independent from branch length, and incomplete ending (binary: present/absent).
The following variables were included in the analysis to examine possible consequences of deafferentation, affecting the geometry of axon branching in a systematic manner, as, for example, sprouting and growth of a significant number of axon branches in a defined direction: tortuosity (actual branch length per linear distance between branch endpoints), planar angle (change in direction that the branch makes with respect to the previous branch), and XY angle and Z angle (together these two angles are the spherical coordinate angles for the end of the branch relative to the start of the next branch).
Analysis was concentrated on the three lower centripetal branch orders. The centripetal branch order is defined as the shortest distance of a branch from an ending, in terms of number of intervening connecting nodes. In this way, terminal branches have centripetal order 0 (c0), branches connected to c0 have order c1, and so on. We examined the differences of branches of order c0 -c2 between axons terminating in the normal and deafferented parts of VP lateral nucleus (VPL) or SI using multivariate logistic regression analysis in SPSS 15.0. This analysis allowed us to control for increased risk of type I error deriving from multiple univariate tests. The goodness-offit of the model was assessed with the Hosmer and Lemeshow test. The variance in the observed data explained by the logistic regression model was estimated by the Nagelkerke's R 2 test. We used partial correlation analysis to assess variable interactions. The measured variables were entered in the logistic regression model as predictors and the locus of axon termination (deafferented versus normal) as the binary outcome (see Fig. 3 ). The predictors were entered in the model in two blocks. Block 1 included the first group of variables described above. Block 2 included the second group of variables, which we did not expect to be significantly impacted by the atrophic processes, but in which we would possibly detect significant growth of axon branches with a directional bias.
Vertex analysis (Sadler and Berry, 1983; Berry and Flinn, 1984; Berry et al., 1986) was performed on the axon terminal arborizations in Neuroexplorer. This analysis provided information about the topology of branching structures. It calculates the ratio between nodes that have two terminating branches attached, V A , and the nodes that have one terminating branch attached, V B . Trifurcating nodes are transformed in bifurcating nodes. A value Ͼ1 suggests that the tree is nonrandom and symmetrical. Values ϳ1.0 suggest that terminal nodes grew in random processes. Values ϳ0.5 suggest that segment growth grew the tree. A value Ͻ0.5 suggests the tree is nonrandom and asymmetrical. Parts of this description were extrapolated from the Neuroexplorer tutorial on vertex analysis (MBF Bioscience). The means of V A /V B ratios of axons terminating in normal or deafferented regions of thalamus and cortex were tested by univariate ANOVA.
Images. Images of axon terminals were acquired with the same system used for axon tracing (see above). Images of axon tracings were exported as bitmap files from Neuroexplorer. Images of immunostained spinal cord section were obtained by a Quantix CCD camera (PhotoMetrics) interfaced to a personal computer and operated by SimplePCI software (Compix) attached to a Nikon Eclipse 1000 microscope. Image files were imported into Photoshop CS2 (Adobe Systems), cropped, and contrast adjusted. Graphs were generated in SPSS, saved as Windows metafiles (WMF), and imported into Adobe Illustrator. The adjusted pictures, graphs, and drawings were composed in Illustrator and finally edited in Photoshop for publication.
Results
In all 10 monkeys, two years after surgical division of the left cuneate fasciculus at the C1 level of the spinal cord ( Fig. 1 A) , the degeneration of the central portions of the severed axons had led to almost complete loss of the cuneate fasciculus above the level of the lesion (Fig. 1 B) . Two years after a spinal injury of this type, no clear cellular atrophy has been reported in the brainstem or thalamus (Cowan et al., 1970) , and that was confirmed in the present study, but cortical reorganization is demonstrable (Merzenich et al., 1984; Jain et al., 2008) . At this point, we injected the anterograde tracer, BDA, in the dorsal column nuclei (intact gracile and denervated cuneate nuclei) (Fig. 1 A) of one or both sides, or in the VP nucleus of the thalamus, to study the morphology of labeled lemniscal axon terminals in the thalamus (Figs. 2, 3 ; also see Fig. 6 ) or of thalamocortical axons in area 3b of the somatosensory cortex (see Fig. 7 ). The total length of reconstructed axon terminations ( Fig. 1) was 435,623.3 m, corresponding to Ͼ25,000 m (15.5 miles) of tracings at the working magnification (100ϫ); they bore 16,801 varicosities, representing both en-passant and terminal synaptic boutons (Westrum and Blackstad, 1962; Pichitpornchai et al., 1994) .
The stereotypical topography of body representations along the lemniscal somatosensory pathway (Jones, 2007) al- (Figs. 1 A, 2, 3A) . The boundary between deafferented and normal representations in VPL or in area 3b was identified electrophysiologically before terminating the experiment (see Figs. 5, 6 ).
Electrophysiological mapping of deafferented DCN, VP, and SI
The cuneate nucleus was virtually silenced by the denervation, whereas the adjacent gracile nucleus displayed normal lowthreshold neuronal responses to peripheral stimulation. The priority of the study of preserving the physical integrity of cells and axons in the dorsal column nuclei (DCN) to trace their terminations in VPL precluded a fine-grained mapping of receptive fields in the brainstem. Nonetheless, we systematically stimulated the face during all electrode penetrations in the DCN and never found face receptive fields (RFs) in the silenced cuneate nucleus or more medially in the gracile nucleus. Neuronal responses evoked by stimulation of the face were only recorded in more lateral and deeper penetrations, which reached the caudal portion of the spinal trigeminal nucleus.
The response properties of cells in the VPL of the thalamus and in SI mirrored those of cells in the cuneate and gracile nuclei. In VPL, the region receiving fibers from the deafferented cuneate nucleus was virtually unresponsive to light touch or hair displacement and was located between two regions with normal, lowthreshold neuronal responses and small RFs: a medial region containing neurons with receptive fields on the face, head, and neck (VPM), and a lateral region, containing neurons with receptive fields on the leg, tail, and lower trunk (the lateral portion of VPL, receiving input from the intact gracile nucleus) (see Figs. 1 A, 6A, B). We did not observe frank expansion of the normal trigeminal or gracile representations into the deafferented hand region of VPL; face RFs were never in close proximity to leg RFs, as observed after much longer post-denervation times (Jones and Pons, 1998) .
In the cortex, the hand/face border, as defined by mapping the face representation, was located at a level opposite the lateral tip of the intraparietal sulcus (see Fig. 7 A, B) , as normally found in adult macaque monkeys (Dreyer et al., 1975; Pons et al., 1991) . Medial to this, in the deafferented hand area, electrophysiological activity after peripheral stimulation was remarkably similar to that in the deafferented thalamus, with a majority of unresponsive sites, some weak evoked activity with very large receptive fields, at times including the whole hand and forearm, and responses elicited only by heavy tapping. To avoid compromising the labeling and reconstruction of thalamocortical axons, we did not carry out extensive microelectrode penetrations of the cortex, so we did not acquire data about the extent of enlargement of the face representation
Axon morphology quantification
Visual inspection of terminal arbors of axons labeled by anterograde transport from the denervated cuneate neurons ending in the upper limb representation of the VPL, or of terminal arbors of axons of denervated VPL neurons ending in area 3b suggested shrinkage in comparison with the terminal arbors of axons arising from neurons in the non-deafferented gracile nucleus or intact lower limb representation of VPL (Fig. 2) . The appearance resembled very closely that of geniculocortical axons shrinking in the visual cortex in response to visual deprivation during the critical period (Antonini and Stryker, 1993) . In deafferented regions of thalamus and cortex, a higher number of labeled axonal processes terminated abruptly, lacking terminal synaptic boutons typically observed in normal axon terminals. These incomplete endings did not display morphological characteristics suggestive of growth cones, nor did they possess the dystrophic morphology observed when regenerating axons in the CNS come to a halt after reaching the glial scar in vivo or in vitro (Bandtlow et al., 1990; Burden-Gulley et al., 1995; Li and Raisman, 1995) .
The vertex analysis performed on the two groups of reconstructed axons has previously been used to describe morphological plasticity of dendritic trees during development (Sadler and Berry, 1983; Berry and Flinn, 1984; Berry et al., 1986) . Vertex analysis, which does not take into account metric properties of branching structures, did not detect the differences in gross topology observed qualitatively (Fig. 2) between axons in normal and deafferented regions of thalamus (Fig. 3D) or cortex (Fig. 7E) . However, the terminal morphology of the axons showed highly significant changes when examined using multivariate logistic regression analysis, with the measured variables entered in the model as predictors and the locus of axon termination (deafferented vs normal) as the binary outcome (Fig. 3) . The predictors were entered in the model in two blocks. Block 1 included predictors relevant to the hypothesis of axon withdrawal from VPL resulting from transneuronal atrophy of parent cells in the cuneate nucleus: branch length and diameter, number and density of varicosi- A, Zero-order correlations: both branch diameter and varicosity diameter correlate significantly with the predicted probability of the logistic regression model and with each other (highlighted in red). a, Cells contain zero-order (Pearson) correlations. B, After controlling for branch diameter, partial correlation between varicosity diameter and predicted probability is still highly significant, with only a marginal decrease of the correlation coefficient. C, After controlling for varicosity diameter, partial correlation between branch diameter and predicted probability is not significant (highlighted in blue), with a correlation coefficient close to zero.
ties per branch, varicosity diameter, median distance between varicosities, and number of incomplete endings. Block 2 included variables that we did not expect to be significantly impacted by an atrophic process, such as tortuosity, planar angle, XY angle, and Z angle. Only the Block 1 contribution to the model was highly significant (omnibus test of model coefficients, X 2 ϭ 283.682, p ϭ 0.000). Adding Block 2 to the analysis did not improve the model by any significant measure (X 2 ϭ 1.426, p ϭ 0.840). The Hosmer and Lemeshow test was not significant (X 2 ϭ 7.479, p ϭ 0.486), indicating the good fit of the model to the observed data. The estimated variance explained by the model was almost 50% (Nagelkerke R 2 ϭ 0.478), leading to correct classification of 72.6% of cases in the normal part of VPL and 80.0% in the deafferented part (average: 76.5%).
Analysis of the single variables in the model (Fig. 3 B, C ) showed the largest effect was a 20% reduction in boutonal size in the deafferented part of VPL compared with the nondeafferented part. Although the average branch diameter was 10% smaller in the deafferented part, this difference was not significant, likely a consequence of the variance shared with varicosity size, as shown by the partial correlation analysis of these two variables with the predicted probability of the model (Tables 1). This conclusion is supported by the fact that the difference was maximal in the terminal branches (centripetal order ϭ 0), which bear the largest number of synaptic boutons (Fig. 4) . A significant increase in branch length in the deafferented part of VPL can be explained by the reduction in number of the shortest branches in the distal part of the axon (Fig. 5) . The primary involvement of synaptic terminals in the atrophic process was confirmed by the significant reduction of bouton number (Ϫ11.8%) and higher number of incomplete endings (12.7%).
The lack of significant improvement after entering Block 2 in the model (X 2 ϭ 1.426, p ϭ 0.840) is in line with the outcome of vertex analysis, indicating that the gross geometry of terminal branching is relatively unaffected up to two years after deafferentation. The first detectable effects of ascending transneuronal atrophy instead consist of a substantial reduction in size and number of lemniscal synapses in the deafferented thalamus.
This result was reflected in the electrophysiological mapping of somatosensory evoked multiunit responses in the deafferented part of VPL, described in the previous section on electrophysiological mapping (Fig. 6) .
Clusters of anterogradely labeled axon terminals from electrophysiologically characterized regions of VPL were reconstructed (Fig. 6 ). In the deafferented part of VPL, the average size of synaptic boutons was reduced by 31.8% relative to those in the unaffected part (Fig. 6C-E) , a larger difference compared with that observed after sampling axons solely on the base of topographic criteria (Fig. 3 ). Logistic regression model in this case explained Ͼ85% of the variance (Nagelkerke R 2 ϭ 0.861) and led to 93.7% correct classification. As in the previous analysis, model performance was due entirely to Block 1 (X 2 ϭ 199.572, p ϭ 0.000); the contribution of Block 2 variables was not significant (X 2 ϭ 4.531, p ϭ 0.339) and did not produce any increment of the model's predictive power obtained with Block 1 alone (93.7% correct case classification).
The same approach was used to investigate morphological changes of thalamocortical axons ending in the deafferented hand representation of area 3b with those ending in the face representation, unaffected by the cuneate lesion (Fig. 7 ). Anterogradely labeled axons taken from either side of the electrophysiologically mapped hand/face border were compared. The results of logistic regression analysis of labeled axon terminations (Fig. 6C,D) were virtually identical to those obtained in the thalamus, with the largest effects consisting in reduction of boutonal size (Ϫ21.7%) and number (Ϫ40%), and increase in the number of incomplete endings on terminations in the deafferented hand area (1.3% normal vs 8.4% deafferented) in comparison with axons from the face area.
Discussion
The results demonstrate that after massive peripheral denervation, transneuronal atrophy affects the morphology of second order lemniscal and third order thalamocortical axons long before overt shrinkage of their deafferented parent cells in dorsal column nuclei or thalamus. This shrinkage, with some loss of neurons, can be detected only after deafferentation periods of 10 or more years (Woods et al., 2000) . The effects of the shorter term deafferentation on the terminal arbors of axons in thalamus and cortex are similar, consisting primarily of a considerable reduction in size and number of synaptic boutons.
Axon withdrawal can explain cortical reorganization
As a consequence of the extensive divergence of ascending axons at all levels of the somatosensory system (Jones et al., 1997; Rausell et al., 1998) , even small changes in the innervation of the dorsal column nuclei will be magnified at successively higher levels up to the cortex. In the monkey thalamus, 0.1 mm 3 of the ventral posterior nucleus projects to as much as 20 mm 2 of cortical surface (Rausell et al., 1998) , so that subthreshold input from a single digit can normally extend over many millimeters of SI, a much wider area than that detected by extracellular mapping. Because of this wide divergence, a large proportion of the thalamic representation of the hand can be destroyed before the representation of a digit, as mapped by extracellular recording, begins to shrink (Jones et al., 1997) . Loss of input activity to one region of the cortical somatosensory map by withdrawal of synaptic terminations from axons affected by transneuronal atrophy of the kind described will, therefore, unmask existing latent synapses (Wall, 1977) that carry information relative to adjacent body parts (Schroeder et al., 1995) , and will reveal itself in expansion of the unaffected representation (Fig. 8) .
Over the long term, continuing secondary transneuronal atrophy of neurons in the thalamus after primary transneuronal atrophy of neurons in the cuneate nucleus causes the deafferented part of VPL physically to shrink, bringing cells with receptive fields on the face, normally contained within the VPM nucleus, in close proximity to cells with trunk and lower limb receptive fields (Jones and Pons, 1998; Woods et al., 2000) . Similar changes occur in the human thalamus after long-term deafferentation (Lenz et al., 1994; Draganski et al., 2006) . When coupled with the divergence of intact inputs from below, this shrinkage can lead to large shifts of the preserved representations into adjacent deafferented fields, beyond the cortical distance limit (Jones et al., 2002) , even in the absence of newly formed long-range sprouting from intact axons in the brainstem or cortex. Sprouting has hitherto been represented as a leading mechanism for inducing cortical reorganization (Buonomano and Merzenich, 1998; Darian-Smith and Brown, 2000; Kaas and Florence, 2001; Kaas et al., 2007) .
Is sprouting essential for cortical reorganization?
Divergence of ascending input and unmasking of existing synapses may explain observations in a patient who reported precise, topographically organized phantom sensations after stimulation of the face as early as 24 h after arm amputation Borsook et al., 1998) and the demonstration of cortical reorganization 1 h after pharmacological block of the median nerve (Weiss et al., 2004) . Moreover, in amputees suffering from phantom pain, peripherally or centrally induced analgesia can cause immediate and temporary normalization of cortical maps, with concomitant release from pain in the phantom limb (Birbaumer et al., 1997; Huse et al., 2001 ). These and other clinical observations (Ramachandran et al., 1992; Knecht et al., 1998) , although not dismissing the possibility of sprouting at all levels of the somatosensory pathways after deafferentation, question a causal role for newly formed longrange projections in cortical reorganization (Knecht et al., 1998) . Recent experimental data reinforce this view. Two years after lesioning the cuneate fasciculus at C5-C7 in adult monkeys, Jain at al. (2008) observed massive reorganization in SI, finding neurons with face receptive fields as far medially as the representation of the foot. The foot area receives input from the gracile nucleus via VPL. It is significant that, at comparable postlesion times, sprouting of spinal trigeminal axons after more massive deafferentations, produced by lesioning both cuneate and gracile fasciculi at higher cervical levels (C3-C5), was limited to the cuneate nucleus (Jain et al., 2000) , making it unlikely that cortical reorganization depends solely on axonal sprouting in the brainstem. The evidence that newly formed dorsal column axons reaching the cuneate nucleus after spinal cord lesion are chronically demyelinated and remain in a pathophysiological state (Tan et al., 2007) demands careful consideration of the functional significance of sprouting in cortical reorganization. It is also apparent, from the absence of morphological features typical of growing axons in our experiments, that sprouting, successful or failed, of lemniscal or thalamocortical axons does not represent a significant, if at all detectable, mechanism of cortical reorganization at this time. In the cortex itself, the sprouting demonstrated after massive deafferentation (Florence et al., 1998) is not sufficiently extensive to explain the expansion of the face representation in SI described by Jain et al. (2008) .
Early reorganization may depend on preserved cuneate input Two years after deafferentation there was no noticeable replacement of the deafferented limb representation by the face representation in the thalamus. In the deafferented region, neurons were unresponsive to light touch or hair displacement and responses could only be evoked by heavy tapping, likely mediated by preserved spinothalamic inputs. We did not extensively map the cortical representation to preserve the integrity of the labeled axons, but medial to the face representation in the deafferented upper limb representation, neurons were as little responsive as in the thalamus. Other studies reported massive expansion of the cortical face representation after lesion of the dorsal columns at levels varying from C3 to C7 (Jain et al., 1997; Jain et al., 2008) . In primates, the transverse cutaneous nerve of the neck, whose axons enter the spinal cord at C2-C3 and terminate in the cuneate nucleus, extends its innervation field from the neck into the face as far as the chin, overlapping the field innervated by the mandibular branch of the trigeminal nerve (Sherrington and Denny-Brown, 1939; Carpenter and Sutin, 1983) . This implies that lesions at or below the C3 level will preserve input from this part of the face in the cuneate nucleus. Because we interrupted the cuneate fasciculus at C1, we effectively removed all input to the cu- Figure 1 . Electrode tracks were used to identify the border (dashed line in bottom diagram, at the level of the lateral tip of IPS) between normal (N) face and deafferented (D) hand representations, from which two groups of thalamocortical axons were reconstructed. Dashed box in top diagram shows location and orientation of the series of cortical sections used for axon reconstruction. B, Same reconstruction as in A, rotated 90°around its anteroposterior axis to show the blockface view, illustrating axons terminating in layer IV of areas 3b and 1. C, Block 1 variables of logistic regression model. As in VP, the largest effect was a significant reduction in size (Ϫ21.7%; Wald ϭ 314.186, p ϭ 0.000; Exp(B) ϭ 0.000) and number (Ϫ40%; Wald ϭ 33.226, p ϭ 0.000; Exp(B) ϭ 0.903) of varicosities in deafferented SI, and a significant increase in the number of incomplete endings. D, No significant difference was observed among Block 2 variables. E, Vertex ratio did not differ in the two fields of termination. Mean Ϯ 2 ϫ SEM. **p Ͻ 0.01; ***p Ͻ 0.001. neate nucleus, the preparation more closely resembling the massive denervation performed by cutting the dorsal roots from C2 to T4 (Pons et al., 1991) . After complete lesions of this kind (Bioulac and Lamarre, 1979) , the area of cortex receiving cuneate input is completely silenced, with the exception of a small region receiving head input behind the arm representation, present in normal monkeys (Ullrich and Woosley, 1954; Dreyer et al., 1975) . Unfortunately, the only data on cortical reorganization available from 6 to 8 months to 2 years and thus relevant to the present study were obtained after lesions at levels ranging from C3 to C7, so they do not shed light on this issue. It must be noted that even after more restricted digit deafferentations, areas of silenced cortex persist for as long as 32 weeks, and the extent of cortical reactivation depends on the size of the deafferenting lesion (DarianSmith and Ciferri, 2006) . The present observations suggest that after complete cuneate deafferentation, thalamic and cortical hand representations may remain silent for years before becoming occupied by inputs from the face.
Axon withdrawal is progressive
A reported lack of transneuronal atrophy in earlier studies of peripheral deafferentation is the consequence of focusing only on somal morphology. The lack of somatic shrinkage in the short term has led to the dismissal of transneuronal atrophy as a contributor to cortical reorganization (Kaas and Florence, 2001) . In shifting the focus from cell body to axon, the present results demonstrate that even at early postlesional stages, transneuronal atrophy has affected lemniscal and thalamocortical axon terminations, suggesting that transneuronal atrophy and withdrawal of the axons of deafferented neurons is likely to contribute to cortical reorganization even in the short term. The presence of axon withdrawal from thalamus and cortex early after deafferentation, together with the evidence of lemniscal axon loss in VPL (Jones and Pons, 1998) and cortical atrophy in the somatosensory cortex (Campbell, 1905) after very long-term deafferentation, indicate the progressive nature of the ascending transneuronal effect and help explain the expansion of the face representation into the deafferented representation years after massive deafferentation.
Peripheral denervation may induce similar changes
The present study focused on the effects of deafferentation caused by cutting the central axons of dorsal root ganglion cells. Transneuronal atrophy of axons before it becomes manifest in somal shrinkage may also affect dorsal root ganglion cells after limb amputations or transections of nerves which sever the peripheral axons: in the long term, peripheral deafferentation causes extensive loss of dorsal root ganglion cells and of sensory axons entering the brainstem and spinal cord (Csillik et al., 1982; Knyihár-Csillik et al., 1987 , 1989 Liss et al., 1996; Liss and Wiberg, 1997a,b) , and transneuronal atrophy becomes detectable in neuronal somata in the cuneate nucleus and thalamus (Florence and Kaas, 1995; Jones and Pons, 1998; Woods et al., 2000) with a decrease in thalamic gray matter detectable by magnetic resonance imaging in humans (Draganski et al., 2006) . The atrophy of cuneate cell bodies will be accompanied by changes of the type we have described in their axons terminating in the thalamus and across the next synapse in the axons of deafferented thalamic relay neurons in the cortex. Thus, peripheral and central deafferentation may act through the same mechanisms.
A neurodegenerative process, triggered by loss of somatosensory input that progresses over many years or decades is currently the only mechanism that can explain the long-term evolution of cortical reorganization and phantom sensations in spinal patients and amputees (Störmer et al., 1997; Hill, 1999) . Deafferentation also leads to early, activity-dependent changes in expression of neurotransmitter, neurodegenerative, and neurotrophic genes in denervated regions (Graziano and Jones, 2006) . The converging evidence of early denervation-induced regulation of genes related to neuronal atrophy and, at later stages, the progressive morphological changes of sensory axons and eventually cell atrophy and death in deafferented thalamus and cortex, suggest that longterm cortical reorganization and accompanying sensory phenomena, such as phantom limb and central pain, cannot be disassociated from a progressive neurodegenerative process that will be intertwined with and are likely to be a powerful inducement to adaptive plasticity. 
